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Abstract—Internet-of-things (IoT) architectures connecting a
massive number of heterogeneous devices need energy efficient,
low hardware complexity, low cost, simple and secure mech-
anisms to realize communication among devices. One of the
emerging schemes is to realize simultaneous wireless information
and power transfer (SWIPT) in an energy harvesting network.
Radio frequency (RF) solutions require special hardware and
modulation methods for RF to direct current (DC) conversion
and optimized operation to achieve SWIPT which are currently
in an immature phase. On the other hand, magneto-inductive
(MI) communication transceivers are intrinsically energy har-
vesting with potential for SWIPT in an efficient manner. In
this article, novel modulation and demodulation mechanisms
are presented in a combined framework with multiple-access
channel (MAC) communication and wireless power transmission.
The network topology of power transmitting active coils in
a transceiver composed of a grid of coils is changed as a
novel method to transmit information. Practical demodulation
schemes are formulated and numerically simulated for two-
user MAC topology of small size coils. The transceivers are
suitable to attach to everyday objects to realize reliable local area
network (LAN) communication performances with tens of meters
communication ranges. The designed scheme is promising for
future IoT applications requiring SWIPT with energy efficient,
low cost, low power and low hardware complexity solutions.
Index Terms—Simultaneous wireless information and power
transfer, magneto-inductive communication, network topology
modulation, internet-of-things
I. INTRODUCTION
The Internet of Things (IoT) and 5G architectures re-
quire connecting heterogeneous devices including machine-
to-machine (M2M) and wireless sensor networking (WSN)
units with potentially lower data rate but low latency, reliable,
energy efficient and secure mechanisms [1]. These applications
require short packets and simple modulation/demodulation
mechanisms for the widespread utilization of IoT. The massive
number of devices require not only low hardware complexity
schemes but also methods of energy harvesting such as si-
multaneous wireless information and power transfer (SWIPT)
Dr. Burhan Gulbahar is with the Department of Electrical and
Electronics Engineering and Applied Research Center of Technol-
ogy Products, Ozyegin University, Istanbul, 34794, Turkey, (e-mail:
burhan.gulbahar@ozyegin.edu.tr).
transmitting data and energy by using radio frequency (RF)
or magneto-inductive (MI) methods [2], [3]. However, the
existing literature generally concentrates on the energy versus
capacity trade-off including power allocation schemes [2], [4],
[5]. The recent studies analyze RF based SWIPT modulation
methods including spatial domain (SD) and intensity based
energy pattern changes [2], [6]. RF solutions are not mature
today to achieve SWIPT and require specialized circuits for
RF to direct current (DC) conversion. In this article, novel
and practical network topology modulation and demodulation
architectures are presented for MI communications (MIC)
networks by changing the spatial pattern of power transmitting
active coils. The proposed MIC based IoT architecture (MI-
IoT) provides reliable, simple and secure mechanisms with low
cost and low latency performances for connecting everyday
objects with direct power transmission capability.
MIC is an alternative method with the advantage of uni-
formity for varying environments without medium specific
attenuation, multi-path and high propagation delay in chal-
lenging environments including underwater, underground and
nanoscale medium with in-body and on-chip applications [7],
[8], [9], [10]. In [4] and [11], a trade-off analysis is presented
for the problem of information and power transfer on a
coupled-inductor circuit with power allocation policies. In
[10], a nanoscale communication architecture with graphene
coils is presented satisfying both power and data transmissions
for in-body and on-chip applications. On the other hand,
existing studies on MIC networks treat other coils as sources of
interference including multiple-input multiple-output (MIMO)
and diversity architectures [3], [7], [8], [9], [12], [13]. How-
ever, SWIPT architectures, MAC schemes utilizing the same
time-frequency resources, and modulation methods other than
classical signal waveform approaches are not discussed.
In this article, the information is embedded to coil positions
by modulating the frequency selective MI channel or network
topology instead of classical signal waveform modulation. The
proposed scheme fulfills the idea of fully coupled information
and power transfer for widespread utilization of MI-IoT ap-
plications [5]. It eliminates signal modulation and does not
MI BALLOON
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Fig. 1. (a) MI-IOT for LANs of daily objects forming a coupled MI balloon,
and (b) a grid of N × N coils at each transceiver with varying topologies
consisting of n different spatial symbols.
waste any power for data transmission. Furthermore, it does
not require transmitter pre-coding, channel state information
and intensity pattern modulation as in RF counterpart utilizing
Generalised Pre-coding aided Spatial Modulation (GPSM)
scheme [6]. Moreover, MAC sharing problem is intrinsically
solved due to including whole network topology as data sym-
bol. The solution requires no receiver feedback and provides
MAC sharing without sacrificing resources for transmitter
synchronization or interference prevention. The contributions
achieved, for the first time, are summarized as follows:
• Network topology modulation mechanism directly mod-
ulating the frequency selective MI channel.
• Practical topology demodulation combined with SWIPT.
• Topology modulating MACs fully utilizing time-
frequency bands without synchronization or contention.
• Reliable, capable of energy harvesting, low cost, low
hardware complexity and low latency IoT networking.
The proposed method supports the widespread adoption of
MIC networks for IoT satisfying the following requirements:
1) Low latency: continuous energy and data transmission
in a MAC topology without the overhead of resource
sharing, synchronization or receiver feedback.
2) High reliability: the robustness of the MIC channel to
fading and low probability of symbol error.
3) Low hardware complexity: simple and low-cost SWIPT
transceiver with already available MI circuits, and with-
out separate structures for data and power transmission.
4) Energy harvesting capability: intrinsically by MI coils
without requiring separate RF to DC conversion circuits.
5) Security: immunity to RF fields and radiative effects;
potential detection of intruder coils as the changes in
network topology symbol and power transmission levels.
6) Energy Efficiency: no extra energy for signal waveform
based data transmission; the crowded set of MI coils
forming a waveguide to enhance the communication
range without consuming any active transmission power.
The remainder of the paper is organized as follows. In
Section II, MI network system model for MAC topologies
is presented. In Sections III and IV, topology modulation and
demodulation mechanisms are introduced, respectively. Then,
in Section V, the proposed methods are simulated for two-user
MAC network. Finally, in Sections VI and VII, open issues
and conclusions are discussed, respectively.
II. SYSTEM MODEL
In this paper, there are K − 1 transmitters denoted by Txj
for j ∈ [1, K − 1] to transmit data to a single receiver,
i.e., indexed as the first user and denoted by Rx, in a MAC
topology with random positions and orientations as shown in
Fig. 1(a). Each user has a grid of closely spaced N ×N coils
where each coil is either in open circuit condition without
any effect to the network or actively resonating as shown
in Fig. 1(b). The number of concurrently active coils in
each transceiver with the ability to change its spatial coil
distribution is denoted by T . The grid can be realized on a
flexible paper suitable to attach to daily objects and to be
recycled considering the billions of devices.
Circuit theoretical equivalents of transceivers are presented
in detail in [3], [7], [10]. Each coil has series RLC type
circuit with resistance Ri, capacitance Ci and inductance Li
for i ∈ [1, NTot] where NTot = K × T with resonance
frequency ω0 = 1 /
√
LiCi. Furthermore, each coil has the
same properties to simplify the analysis, i.e., Ri = R, Li = L
and Ci = Cs for i ∈ [1, NTot]. The receiver loads denoted
by ZL for the coils of Rx are set to R without requiring any
calibration with a trade-off in the received power performance.
Transmitter and receiver diversity are provided by NR < T
loaded coils in Rx (the remaining ones as passive coils) and
all transmitter coils with the same resonance voltage.
Voltage sources and coil currents in the network denoted
by the column vectors Vω and Iω, respectively, satisfy
Vω = Mω Iω where Mω is mutual inductance matrix,
VTω =
[
0 . . . 0 V2, 1 V2, 2 . . . Vi,j . . . VK,T
]
, ω is the oper-
ating frequency, Vi,j denotes the voltage level in jth coil of ith
user, i ∈ [2, K], j ∈ [1, T ] and {.}T denotes transpose. Mω
has the elements Mω(i, j) =  ωM(i, j) for i 6= j, Zi + ZL
for i = j ∈ [1, NR] and Zi for i = j ∈ [NR + 1, NTot]
where Zi = R+  ωL+ 1 / ( ω Cs),  =
√−1 is the complex
unity and M(i, j) = M(j, i) is the mutual inductance between
ith and jth coil. Next, the network topology modulation is
introduced.
III. NETWORK TOPOLOGY MODULATION
The spatial grid topologies of each transmitter are changed
to form varying mutual couplings. A signal modulating voltage
waveform is not required but only varying spatial patterns of
actively resonating coils. Therefore, the network is continu-
ously transmitting power to the receiver by also embedding
information into the spatial structure that the energy is trans-
mitted, however, without any signal modulation complexity or
energy reservation for data. The network topology modulation
is mainly realized by changing M−1ω denoted by Γω which is
easily calculated by using matrix identities as follows:
Γω =Q
(
αω Λ + I + βω
NR∑
i=1
~qi ~q
H
i Λ
)−1
QHG−1ω (1)
where the elements M(i, j) of M = QΛQH are equal to
M(i, j) for i 6= j and L otherwise, diagonal Λ includes
eigenvalues, QQH = QH Q = I, G−1ω ≡ ( ω)−1
(
αωI +
TABLE I
NETWORK TOPOLOGY MODULATION TYPES AND PROPERTIES
ID Frequency Time Nc ID Frequency Time Nc
1 ωk for kth coil Concurrent nK−1 3 Sω (for all) Concurrent nK−1
2 ωk for kth coil TDMA n 4 Sω (for all) TDMA n
βωIL
)
, I is the identity matrix, ~qHi is the ith row of Q,
IL(i, j) = 1 for i = j ∈ [1, NR] and zero otherwise,
αω =  ω
2Cs / ςω, βω = − ω3C2s ZL /
(
ς2ω + ςω Cs ω ZL
)
and ςω = (Cs ωR − ). The proof is given in Appendix A.
It is observed in simulation studies that different network
topologies provide different Λ allowing to realize eigenvalue
modulation. Eigenvalue modulation symbolsΛk are either pre-
determined for each k ∈ [1, Nc] by using pilot training phase
or they are estimated based on the preliminary knowledge of
spatial modulation patterns and physical size of LAN topology.
It is observed that Λ is robust to angular disorientations while
the detailed analysis is left as a future work. In the following
discussions, four different modulation methods are proposed in
terms of oscillation frequencies of each coil and time sharing.
A. Modulation with Orthogonal Time-Frequency Sharing
Assume that each coil with the index t in a grid transmits
power at a different frequency ωt for t ∈ [1, T ]. Furthermore,
voltage level V is set to unity with equal phase for all coils for
simplicity. Then, the current at ωt in ith coil of the receiver,
i.e., Iωt(i), is given as follows:
Iωt(i) =
K−1∑
j=1
Γωt(i, t + j T ) + nt,i (2)
where nt,i is assumed to be independent and identically
distributed complex valued additive white Gaussian noise
(AWGN) with variance of σ2t,i and E{nt,k n∗m,l} = 0 for
m 6= t or k 6= l. Moreover, if time-division multiple access
(TDMA) channel sharing is utilized, then the induced current
at a time slot is due to some specific Txj for j ∈ [1, K − 1]
and Iωt(i) becomes equal to the following:
Iωt(i) = Γ
j
ωt(i, t + j T ) + nt,i (3)
where Γjωt is obtained by deleting the rows and columns of
Γωt with the indices not in [j T + 1, (j + 1)T ].
B. Modulation with Network Topology Diversity
If all the coils utilize the same frequency set in parallel,
i.e., Sω = {ωs : s ∈ [1, Nω]}, where Nω is the number
of concurrent frequencies then, the transmitter diversity is
realized and the received current is given as follows:
Iωs(i) =
NTot∑
t=T+1
Γωs(i, t) + ns,i (4)
If TDMA is utilized then, Iωs(i) due to Txj is as follows:
Iωs(i) =
T∑
t=1
Γjωs(i, t+ j T ) + ns,i (5)
Assume that a set of symbols consisting of n different
topologies for each transceiver is utilized. The total number
of different symbol combinations excluding Rx is denoted by
Nc and ith network symbol is denoted by si. The possible set
of modulation types indexed with Modk for k ∈ [1, 4] defined
in (2), (3), (4) and (5), respectively, and their properties are
shown in Table I. Mod2 and Mod4 have the constellation size
of Nc = n while it becomes nK−1 for Mod1 and Mod3.
The best time-frequency diversity is achieved with Mod3
given in (4) which is discussed in the following sections. The
computational complexity of the proposed modulation scheme
includes the calculation of total transmit power at the sources
and normalizing the power resulting in NS Nω multiplications
and T 2 additions where NS denotes the number of random
frequency sets (Sω) to include more diverse frequency effects.
Next, demodulation mechanisms are discussed.
IV. NETWORK TOPOLOGY DEMODULATION
The demodulation is achieved by finding the spatial mod-
ulation matrix Γω for different symbols and at different
frequencies, and then comparing with the received current at
varying frequencies. Furthermore, the symbols are defined for
the whole network by solving MAC sharing problem without
requiring synchronization or time-frequency resource sharing.
If we assume that Mod3 is used, the network topology symbol
has the index k for k ∈ [1, Nc] and ω is the power transmission
frequency then, the measured noisy current denoted by I˜ω(i)
at the ith coil receiver is found by combining (1) and (4) as
follows:
I˜ω(i) = Iω(i) + ns,i = ~q
H
i,kΥω,k ~qΣ,k + ns,i (6)
where ~qHi,k is the ith row of Q in (1), ~qΣ,k =
∑NTot
j=T+1 ~qj,k,
Υω,k = αω ( ω)
−1
(
Θω,k + βω
∑NR
i=1Ψi,k
)−1
, Ψi,k =
~qi, k ~q
H
i, kΛk and Θω,k = αω Λk + I. The proof is given
in Appendix B. It is further simplified with NR = 1,
NTot = 1 + (K − 1)T and by using perturbation equality
(I + a ~x~yH)−1 = I + b ~x~yH where b = −a / (1 + a ~yH ~x)
and the proof is given in Appendix C. Then, Υω,k becomes
as follows:
Υω,k =
αωΘ
−1
ω,k
 ω
− αω βωΘ
−1
ω,kΨ1,kΘ
−1
ω,k ( ω)
−1
1 + βω ~qH1,kΛkΘ
−1
ω,k~q1,k
(7)
Then, inserting into (6) and dropping i = 1, it becomes I˜ωs =
~υTωs,k
(
~q∗1,k⊗~qΣ,k
)
where ω = ωs, ⊗ is the Kronecker product
and ~υω,k(t) for t ∈ [1, NTot] is given by the following:
~υω,k(t) =
αω
 ω
(
ϕω,k,t −
∑NTot
j=1 ̺ω,k,j λk,t ϕω,k,t
1 +
∑NTot
j=1 λk,j ̺ω,k,j
)
(8)
where ̺ω,k,j ≡ βω |qk,j |2 ϕω,k,j , ϕω,k,t ≡ (αωλk,t + 1)−1,
λk,t ≡ Λk(t, t) and qk,t ≡ ~q1,k(t). If it is assumed that
eigenvalues are close to each other then, ~υω,k(t) is approxi-
mated by dropping the q2k,j terms due to the unitary magnitude
property of ~q1,k. Then, the received current vector I˜S =
[I˜ω1 ... I˜ωNω ]
T is approximated by I˜S ≈ ηkΥk ~q0,k + nS
(a)
(b)
Fig. 2. (a) Network topology modulation, and (b) demodulation mechanism
for pilot aided case with full knowledge of the transmitted symbol set.
where ΥTk ≡
[
~υω1,k . . . ~υwNω ,k
]
, nS = [nω1 ... nωNω ]
T is the
complex receiver noise vector having N0/2 spectral density for
real and imaginary parts at each frequency, ~q0,k ≡ ~q∗1,k⊗~qΣ,k
satisfying
∑NTot
t=1 ~q0,k(t) = 0 and ηk equalizes the received
or transmitted power for the symbol.
There are two different demodulation methods with respect
to the amount of knowledge about ηkΥk ~q0,k for each symbol
sk such that it is either perfectly known by pilot aided trans-
mission or Υk is estimated based on pre-calculation for the
communication ranges without any information about ηk ~q0,k.
It is observed in Section V that the eigenvalues in Λk have
low variances for varying positions and orientations, and they
are specific for each symbol sk. Demodulation schemes are
realized by utilizing this uniqueness as shown in the following.
A. Pilot Aided Perfect Knowledge of Symbol Set
The receiver is assumed to have the full knowledge of ηk,
Υk and ~q0,k for any k with the aid of pilot symbols. The
modulation schemes are shown in Fig. 2(a) where NS = 1 in
pilot training case. The demodulation mechanism is shown in
Fig. 2(b). Each symbol sk is the vector ηkΥk ~q0,k with period
Ts, transmission delay td and nS is the AWGN component
with independent and identically distributed elements having
variance σnωs = N0 for s ∈ [1, Nω]. The optimum estimation
is achieved with maximum likelihood (ML) decision using
the distance metric, i.e., 0.5 sHk sk − I˜HS sk, and choosing the
minimum based on decision regions Dk for each sk [14]. The
computational complexity includes finding the maximum of
the correlations and the term O(Nω nK−1) for Mod3 due to
Nω multiplications and additions in I˜HS sk with NS = 1.
Transmit powers are adapted with ηk to equalize total received
power for each k for simplicity. Then, with equally probable
symbols, the probability of error per transfer is given by
Pe = 1 − 1Nc
∑Nc
m=1
∫
Dm
fI˜S (˜IS |sm) dI˜S where fI˜S (˜IS |sm)
is approximated by (πN0)−
Nω
2 exp
(− 1N0 ∑Nωj=1 |I˜ωj −smj |2)
and smj is the jth element of sm. The upper bound is given by
Fig. 3. Network topology demodulation without pilot training.
Pe ≤ (0.5 /Nc)
∑Nc
i=1
∑Nc
k=1,k 6=i erfc(dik / 2
√
2N0) where
dik is the distance between si and sk, and erfc(.) is the
complementary error function.
B. Pre-computation based Demodulation
It is assumed that there is no knowledge about the symbol
set or ηk ~q0,k. An average Υk is pre-calculated based on the
observation of the small variance of Λk and by considering
the approximation in (8) without q2k,j terms for the estimated
range and orientations of the transmitters. The proposed de-
modulation scheme is shown in Fig. 3. The transmit power for
sm is equalized with ηm instead of the receiver power since
there is no feedback. Then, the estimation of sm is achieved
by finding the index k minimizing |∑NTott=1 η̂k q̂0,k,m(t)|2
where η̂k q̂0,k,m = Υ
†
k I˜S , η̂k q̂0,k,m denotes parameter es-
timation regarding symbol sk when symbol sm is trans-
mitted, I˜S = ηmΥm ~q0,m + nS and Υ
†
k denotes Moore-
Penrose pseudoinverse of Υk. Then, |
∑NTot
t=1 η̂k q̂0,k,m(t)|2
equals to |zk,m|2 where zk,m ≡ gk,m + mTk nS , gk,m ≡
1T Υ
†
kΥm ηm ~q0,m, m
T
k ≡ 1T Υ
†
k and 1T is the row vec-
tor of all ones. χ2k,m(1) ≡ |zk,m|2 is a generalized non-
central chi-square distribution with the number of degrees
of freedom of one where zk,m is complex Gaussian random
variable with the expectation E{zk,m} = gk,m and variance
Var{zk,m} = N0‖mk‖22, and ‖.‖2 denotes Euclidean norm.
If the probability P (χ2m,m(1) > χ2j,m(1)) is denoted by
Pe(m, j) then, the probability of error Pe is bounded by
(1 /Nc)
∑Nc
i=1
∑Nc
k=1,k 6=i Pe(i, k). The probability distribution
of the difference of two correlated non-central chi-square ran-
dom variables is complex to formulate explicitly. In addition,
random sets of energy transmission frequencies are utilized to
improve detection performance by averaging the true decisions
given for each set Sω,i = {ωs,i : s ∈ [1, Nω]} for i ∈ [1, NS]
as shown in Fig. 3. Furthermore, the noise is smaller in
each detection procedure where Nω different frequencies are
utilized instead of Nω × NS . The computational complexity
includes finding the minimums of NS different vectors of
length Nc, finding the maximum of a vector of size Nc and
the term O(NS Nω Nc) = O(NS Nω nK−1) for Mod3 due to
NS Nc (Nω + 1) multiplications and NS NcNω additions.
(a) (b)
Fig. 4. (a) Two-user MAC topology with mirror symmetric positions of the
parallel transmitters and (b) three different network topology symbols.
TABLE II
SIMULATION PARAMETERS
PARAM. MEANING VALUE
r, ∆c The coil radius and inter-coil dis-
tance in the grids
1 cm, 1 mm
R, L, Cs The resistance, inductance and
capacitance of a single coil unit
65mΩ, 84 nH, 3 - 300 nF
f0 Operating resonance frequency 1 MHz, 10 MHz
ωl, ωh (×ω
−1
0
) Transmission frequency interval {0.92 - 1.08}, {0.99 - 1.01}
NS , Nω , Nc The number of random freq. sets,
freqs. in a set, and the symbols
{1, 24}, {24, 32}, 3
N0 Noise power spectral density 10−21, 10−16, 10−12 W/Hz
PT Average trans. power per symbol 1 /Nc = 1 / 3 mW
V. NUMERICAL SIMULATIONS
The proposed system is simulated for two-user MAC
scheme as a proof of concept. It is quite easy to extend to
crowded IoT networks. The receiver is chosen to have a single
coil to simplify the analysis. The orientations of the transmitter
coils are chosen in parallel with Rx with equal distances to
simplify the analysis as shown in Fig. 4(a). The positions of
the coils are represented in Cartesian coordinate system as
p1 =
[
0 0 −D]T and p2 = [0 0 D]T . Their equal normal
vector is n˜ = [0 0 1]. N and T are set to three and five,
respectively. Modulation topology for a single coil is assumed
to be one of two schemes, i.e., either the coils with the indices
{1, 2, 3, 4, 5} or {1, 3, 7, 8, 9} are active at any time. Therefore,
there is a total of three different network topology symbols as
shown in Fig. 4(b). Single channel use transmits log2 3 bits of
total MAC data. Nc can be easily increased, however, three
symbols better clarify the proposed system.
The simulation parameters are shown in Table II. The coil
radius and the boundary distance between the coils are set to
r = 1 cm and ∆c = 1 mm, respectively, so that a transceiver
with a planar grid of coils has the area of 6.2 × 6.2 cm2
to be easily attached to daily objects as shown in Fig. 1(a).
The number of turns is one for simplicity. R is calculated
by using π r ρ / (2wc δ) for square cross-section copper wire
of width and height wc = 2 mm compatible with [3] and
[7] where the resistivity is ρ = 1.72 10−8Ωm, skin depth is
δ =
√
ρ / (π µ f0) and µ = 4 π 10−7 H /m. L is equal to(
µ lc / (2 π)
)(
ln
(
lc /wc
)
+ 0.5 + 0.447wc / lc
) ≈ 84 nH
(a)
(b)
Fig. 5. (a) Eigenvalues of Q for different symbols and (b) the upper bound
on the symbol error probability for varying D and noise levels.
where lc ≡ 2 π r [15]. The capacitance is Cs = 1 / (ω20 L) ≈
300 nF or 3 nF for f0 = 1 MHz or 10 MHz, respectively, with
f ≤ 10 MHz to reduce parasitic effects [3], [7]. Noise spectral
density is simulated for N0 =
[
1 105 109
] × NTh to analyze
worse cases than the thermal noise where NTh = 4 κB Tr R ≈
10−21 W/Hz, κB = 1.38× 10−23 J/K and Tr = 300 K [3],
[7]. Total transmit power for Nc symbols is set to 1 mW in low
power regime with an average PT = 1 /Nc (mW) for massive
utilization in everyday objects. Mutual inductance calculation
is based on the general model in [3] and [16] including
position, orientation and size dependency. The demodulation
mechanisms with and without any training are simulated next.
A. Pilot Training
The case with pilot training is simulated for f = 1 MHz,
(ωl, ωh) = (0.99, 1.01)× ω0, Nω = 32 and NS = 1 due to
perfectly known symbol family allowing to decrease NS . The
received power for each symbol is equalized to simplify the
system and the analysis where unequal transmit powers are
used for each symbol with the average PT = 1/3 mW and
distributed equally among Nω frequencies.
Eigenvalues are plotted for varying distances reaching to
≈ 50 meters as shown in Fig. 5(a). They are robust with
respect to the distance which is utilized in the next section
to demodulate by directly using the eigenvalues. The upper
Fig. 6. Monte Carlo simulation of the probability of symbol error for
demodulating without any pilot training for varying D and noise levels.
bound on the probability of symbol error is shown in Fig. 5(b)
where it drops to 10−8 at several meter distances including
high-noise regimes allowing for reliable IoT communications.
It is possible to realize a LAN having the range of tens of
meters with low cost, planar and small coils with the potential
to tune system performance by changing system parameters.
B. Without Pilot Training
The small variations of eigenvalues shown in Fig. 5(a)
for varying distances are utilized to practically demodulate
without any training or synchronization among the transmit-
ters. The case is simulated for f = 10 MHz, (ωl, ωh) =
(0.92, 1.08) × ω0 and NS = Nω = 24. PT is distributed
among NS×Nω frequencies equally while equalizing only the
transmit power for each symbol without any receiver feedback.
The calculation of error probability is realized through
Monte Carlo simulations with 4×106 trials due to complexity
of obtaining explicit expressions. Therefore, the only errors
higher than 2.5× 10−6 are visible in the simulation results. It
is observed in Fig. 6 that the proposed system achieves reliable
communication in several meters without any pilot training
or receiver feedback. In comparison with far field RF based
SWIPT systems, far field directive power beaming achieves
several meters of ranges for indoor and outdoor applications
achieving to transmit several mWs of power [17]. However,
high efficiency rectifiers require input powers between 0.5 -
5 mW with much higher transmission powers although the
radiative RF range is not limited. On the other hand, it is
possible to achieve MI SWIPT with several mWs transmission
power with the possibility to tune and further improve the
range performance by optimizing coil dimensions, the num-
ber of coils, constellations and operating frequency, and by
utilizing passive waveguides or relays, e.g., enabling ranges
reaching kilometers with larger radius coils [7]. The problems
of synchronization, channel access and resource sharing are
solved by utilizing time-frequency resources together by all
the transmitters and by only changing the network topology.
VI. OPEN ISSUES AND FUTURE WORK
The following topics promise to further improve the system:
• The computational complexity exponentially dependent
on K due to multi-user ML detection needs to be reduced
with modern methods, e.g., sphere decoding, by analyzing
the structures of ηk, Υk, ~q0,k and Υ
†
k.
• Analysis and experimentation of performance for vary-
ing the following: types and numbers of constellations;
numbers, positions and orientations of coil grids; coil
and grid dimensions; frequency sets, voltage sources and
synchronization; passive relaying and waveguides.
• The effects of intruder coils due to change in the network
topology need to be analyzed in more detail and a
protocol needs to be developed to detect the changes in
the received data and the consumed powers in the coils.
VII. CONCLUSION
In this paper, novel modulation and demodulation mech-
anisms are proposed with energy efficient, low cost and low
hardware complexity mechanisms for SWIPT in a wireless MI
MAC network. The network topology of power transmitting
coils is changed to modulate information symbols and practical
demodulation schemes are presented. The designed scheme
is numerically simulated for two-user MAC topology with
small size coils suitable to attach to daily objects. The spatial
modulation method provides reliable LAN performances with
tens of meters of ranges and low power operation of mW
level transmit powers. SWIPT obtained with MIC networks is
future promising for IoT applications and MACs with energy
efficient, simple and low cost solutions.
APPENDIX A
Mω is equal to  ωM + R I + ZLIL + I / ( ω C). It is
converted to ( ω) (M + Eω) where Eω = R I / ( ω) +
ZLIL / ( ω) − I / (ω2 C). Then, M−1ω is given by (M +
Eω)
−1 / ( ω) = (I + E−1ω M)
−1E−1ω / ( ω). Furthermore,
E−1ω is simplified as αωI+ βωIL. The inverse Γω =M−1ω is
found by inserting the simplification of E−1ω as follows:
Γω
1
= (αωM + I + βωILM)
−1G−1ω
2
= (αωQΛQ
H + I + βωILQΛQ
H)−1G−1ω
3
= Q
(
αω Λ + I + βωQ
−1ILQΛ
)−1
QH G−1ω
4
= Q
(
αω Λ + I + βω
NR∑
i=1
~qi ~q
H
i Λ
)−1
QHG−1ω (9)
where G−1ω ≡ ( ω)−1E−1ω and ~qHi is the ith row of Q. The
simplification while passing from 3= to 4= is realized by using
the equality ILQ = Q
∑NR
i=1 ~qi ~q
H
i which can be obtained
by using simple matrix calculations.
APPENDIX B
The expression ΓωVω to obtain the received current is
simplified by using (9) as follows:
ΓωVω
1
= Q
(
Θω,k + βω
NR∑
i=1
Ψi,k
)−1
QHG−1ω Vω
2
=
1
 ω
Q
(
Θω,k + βω
NR∑
i=1
Ψi,k
)−1
QH
(αωI+ βωIL)Vω
3
=
αω
 ω
Q
(
Θω,k + βω
NR∑
i=1
Ψi,k
)−1
QH Vω
4
=
αω
 ω
Q
(
Θω,k + βω
NR∑
i=1
Ψi,k
)−1
NTot∑
j=T+1
~qj,k V (j, ω) (10)
where it is assumed that kth symbol is transmitted, Vω(t) =
V (t, ω) is the oscillating voltage for the tth coil at ω for t ∈
[T + 1, NTot] and zero otherwise, the equality
3
= is obtained
by using ILVω = 0, and QH Vω =
∑NTot
j=T+1 ~qj,k V (j, ω) ≡
~qΣ,k is utilized in the equality
4
=. Then, the current at ith
receiver coil is found by replacing Q with ~qHi,k .
APPENDIX C
Iω(i) is calculated by using (10) as follows:
Iω(i)
1
=
αω
 ω
~qHi,k
(
Θω,k + βω
NR∑
i=1
Ψi,k
)−1
~qΣ,k
2
=
αω
 ω
~qHi,k
(
I + βωΘ
−1
ω,kAk
)−1
Θ−1ω,k ~qΣ,k (11)
where Ak =
∑NR
i=1Ψi,k =
∑NR
i=1 ~qi, k ~q
H
i, kΛk. If NR = 1,
then the perturbation equality, i.e., (I + a ~x~yH)−1 = I +
b ~x~yH with b = −a / (1 + a ~yH ~x), is utilized where ~x ≡
Θ−1ω,k~q1, k, ~y ≡ ΛHk ~q1, k and a ≡ βω . Then, (7) is easily
obtained.
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